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SUMIARY 


An attempt has been made in this investiratiorn to find out 1° the 
anomalous adsorption of helium at low temperatures, as onserved first 
by Schaeffer, Smith and “endell and later by Lon; nnd Mever and also by 
Prederiske and Gorter, can be explained on the hypothesis that the 
surface of adsorption perturbs the electron wave functions of the adsorbed 
atoms so as to give rise to increased van der /aal attraction between them. 
we find an inerease in attraction for hydrogen atons but fer helium atoms 
no appreciavle increase in attraction is found ovt. The investigation 
deads us to believe thut the excess adsorption in case of helium may be due 
to some other cause and the possibility of diffusion of the helium atoms 
into the solid through the adsorbins surface is nointed out. 
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On Anomalous Monolayer Adsorption 


The early work on the adsorption of helium on solids was performed at quite 
low pressures ( < 1 mm Hg), and consequently at saturations well below 1% The 
preliminary work of Keesom and Sehnidt was followed by that of Keesom and Sohmeare 
The data showed that even at these Low saturations a considerable adsorption occurs, 
The adsorption of a rare gas such as helium snould, at low saturations, be the 


3 


case nearest to the conditions assuned in the derivation of the Langmuir~ isotherms 
however the data could not ve fitted to the Langmuir equation. From later work, to 
be ciscussed below, it was found that the volume of helium adsorbed is quite 
anomalous; also, the data of cchweers show that the heat of adsorption decreases from 
almost 1.00 cal/mole ut about 10% coverage to about OQ cal/mole when approaching 
completion of a monolayer. Since the Langmuir equation assumes no interaction be tween 
adsorbed. particles (heat of adsorption independent of coverage) obviously the iscthesm 
cannot be applied to the case of helium. 
Later work was devoted to multilayer adsorption. fFfrederiske and Gorter" 
measured isotherms on Jeweiler's rouge (Fe50,) end on steel frca 1.39°K to 2.26 K; 
ochaeffer, vomith and ‘endeLl” Measured isotherms on two diffsrent carbon adsorbents 
6; ‘ , = 0, fe) 
at the b.p. Long and Meyer? investigated adsorption on Pend, at 1.53 K to 2.h5 K; 
is 6) 8 

Mastrangelo and Astoa reported isotherms on TO, at 2.41 K; and Strauss has 
measured a series of virht isotherms on ¥eo05 at temneratures ranging from 1,59°K bo 
hs Bik, 

ochaeffer, Smith and “endell were the first to derive the volume adsorbed in the 
first layer. They determired the surface areas of their carbon adsorbents from 
adsorption isotherms of nitrogen, for wnich the adsorbed volume is well known. Usiny 


this as a comparison, they found thet volume adsorbed for helium at the b.p. is far 


greater than that calculated from the surface area of the adsorbents and the cross- 


section of helium atom, as derived from the density of liquid helium. 1n almost ali 
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i Other cases, these two values ditfer for spnerics? wolecules by only a few percent. é 
The subsequent deta of Frederiske znd Gorter (1959) and Lone and Meyer (1949) : 
ok 
for adsorption on Fe,0, confirmed these results, ‘me density of adsorbed hetium 4 
in the first monolayer is much hivher than that of liquid at the same “emperatures : 
At terperatures below 29K, values up to four tines the liquid density were observed; ~ 
in the liquid helium the spacing of helium atons is anyoroximately WA.U., whereas in 4 
the first adsorbed layer it is reduced to values as low as 2,.04.U. corresponding roughly 4 
to gas kinetic diameter of 2,1%.U, 
Long and Yeyer (19:9) also showed that such cata cannot be fitted with the 
BMT. theory of multilayet adsorption. The %.i.T. theory assumes that the site | 
of an atom adsorbed in the first layer is a potential site for atoms in the lhieher “ 
Layers. If, however, the first layer is of much hirher density than the liquid, ; 
and therefore than that of higher layers (which rust raridly approach liquid density, a 
a provided the attractive forcen are van der Waal in cririn) then it contains more atoms 3 
s 
per unit area than the next higher layer can accomodate. Band? showed, however, 2 


thet even in this case it is guctified to use the formalism of U.%.T. theory. He 
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included a correction for the anomalous packing in the first layer and found the 


resulting isotherm agreeing fairly well with the observed isotherms for heLliws at an 
ye 
by 
low temperatures, It is pointed out in the atove work that one can calculate the . 
ry 
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number filling the first layer from spacing in the Liquic phase ordy if no anomalous 


ax 
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packing occurs and also that the monolayer isotherm is altered not only by anomalous 
packing, but also by the fact thet the energy of adsovption becomes a function of 
coverage even below one layer, The modified isotherms are deduced from a class of 
Punctions essumed for the dependence of monolayer adsorption energy on fractional 
COVELA PE o 

= Several qualitative arguments have been advanced for the anomalous packing 
in the first layer. Long and Meyer have suggested that in the adsorbed film, inter 


actions with the wall, much stronger than the van der "aal's forces of helium — 
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valium interaction, overcame tie dewaiie arom of the aero-point wnergyy which 
Causes the liquid phase to be: prewily blowne<x>, with the resvlt that the first 
layer is compressed to about ras kinetic diameter i.e, the diameter of the electronic 
shell of the helium atom, as a@ consequence on filling up the first layer, the 
repulsive action of zerc~point energy must counteract more end nore the attractive 
forces of the wall, and thus the effective heat of adsorption should drop strongly 
as first layer becomes occupied. This argument is borne out by the data of Schweers 
previously mentioned. Svicerntly, in the case of helium, the sero~point energy 
orovides an energy of imteraction of the sare orcer of ragnitude as the heet of 
adsorption itself, On the commletion of the first layer the forces of the wall are 
to a great extent balanced by the zero pois eneryy,; and the heat of adsomption is 
then only slichtiy bieher ian the heat of vaporization of buik liquid, 

The expocioents as incicnted abuve have shown that heliwn is comressed in the 
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Pirst layer to whe cus Kinetic disneter which is lower than the van der daal winimwn 
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for helium ~ helium interaction. Barxerav” has caloulaved tho ininimum distence 

for two helium atoms taking Cipole ~— dipole, Gipcle ~ quadrepole and quadrupele 


quadrupole interactions into account and obtains a value 2.BR which is leas than the 


9 or aa 12 — 23 
value 2,964.U. obtained by TLeter 2 Yirkwood'. Tae mutual interaction energy cisve 
obtained by Uargenav. (loc.cit) siuows that there is a huge amount cf repulsion even 


'f we try te bring the helium etons to a distance of sbout Pott, So thet iv the 
stoms are Dacked in the first layer rith « spacirs of about 2A he then these repulsive 
forces have tc oe overncme Dy Some Yorces Cue to adsorbing solid surface. fn attemn+ 
nas been made in this investigation to recalenlate the helitm ~ helium van der taal 
farvteraction after the wave functions of the electrens of helium atome nave been 
perturbed by the interachien of the enlit surfsec, The effeot of the surface has been 


iesen into .acount by posttlating an clectsical field F acting on the adsorbed 


utoms anc undex the effect cf this field we find the perturbed eigenfunction of the 
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electrons of the atom in the ground state. Then using these perturbed wave functions 2 
we calculate the chanred interaction energy between the adsorbed atoms arranced on 
the surface as polarized dipoles with their polarity in the oprosite directions, 


First the case of adsorbed monatomic hydrogen is worked out because the problem is 
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simpler and gives an insipht into the method, Since the ranre of valence forces is 
much smaller than van der “\aal forces we can safely treat the hydropen atoms at a 4 
distance corresponding to van der Waal forces to be quite far removed from the formation 
of any molecu’.es, 
: 5 
For a hydroren atom the unperturbed grourd stzte (n = 1) is a = es 
Wag 
where a, is first Bohr radius of hydrogen atom and the next higher state (n & 2) : 
has four eigenfunctions 
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The state n = 2? is thus four fold degenerate. If we consider the adsorbing 2 


surface as (x,y) plane, then F acts in the z-direction and $0 the potential energy 
of the electron in this electric field is is =-feri— Fercys#. This perturbing 
field splits the four fold degenerate state n = 2 into two single states end one 

doubly degenerate state. If the effect of states n = 3 and hirher is neglected one 


obtains, using the formalism of the verturbation theory for the degenerate case, tne 


perturbed wave function for the ground state 
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®e call an atom whose verturbed wave function is zciven by (2) as atom "a", 
Another atom which is adsorbed with opposite colarity ce call atom "5" and this 


perturted wave function fer the fround state 
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where we lave changed the sign of F and also it is umierstocd that the wave 
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function a i oe , -—%,. ; corresponds now to enerey E, + 3Fea. 
and 2 ;~, it! v7 iit'| to the energy state Ee, - 2fec, ‘While it was the 
oe bre “BN : 


reverse for the atoa "a", 
The energy of interaction between two hydreven atoms is composed of several 
rultinole terms}3 with conopole term being zero. ie take the first armreciable 


term only which is called the dipole term given by 
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(i) 
vhere € is the electronic charse, % the internuclear disiance of the two atoms 
while (x, y,, z,) and (x,, y,, 2,) are tre coordinates of two electrons, or if we 
use spherical rolar coordinates ( ¥,8.¢ ) with z-axis on the surface amd along the 


line joining twe atomic miclei, we have 
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a re the evaluation of rutual interaction energy the Mrst. order term 
i 
[agen a nytt Aaya is zero and hence the main contribution 
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“e shall keer in mind thet in the evaluation of above imbteprais we shall 
change cos @ cecurring in}, $form in order to take account of the change in z-axis 
ca 


direction. The numerator of (7) reduces to 


 ] ; 


ay Fy : 2 £ t Pd 
a& ¢ } it. ry « % ~ h oa a 2 2 we 
maz | eS Sete, C278 AH bay ye Son Gatas % AT 
mis i ‘en . Stax 8, Ces § 4 , i = Tat vet aati 
v L # 
b 4 4 Hi & 
ge <. = 
{ ’ t = ks 
op +e fh nge fee eg ng Ay ve gus ms 1 tosO, AY, 
- ae t fs * 
> & "Sine ¢ q [i i od 2 
So oe : 8} 
3 # 
ami these on evaluation vield 
z 
sah a eee. 'g f -37a5 Fede | 2 
Sejiin ff -372the ) hw nie 67 «, 
“Bel 4 Se t=. —- ‘A 93° 396, oF eee ae i 
R | >: ge” .. % Pra, ! , = 2 Ss Pena! 
.% % Sa, 4. Sey f 
a Fa Saleen 3} 2 é ~F% Se Cea . 
i 
| Ff eee eR EH, T ; KR. 24e6, 
SZ ~_— ; % ~ fen} 
A £. = 3F ec, ‘ Te” Pe has 
* F Hie : 4 Ly 
; 2 4 f ia 
} $ f Pa a i t : $ ; 4 
+f \ Rei, | | eduw dw Ie® i 7374s Fes. | wo: 
i— ae T, RX yey Oe ee oe ee 
} c £73 gee > =e ¢ a! tee i F 3 
} ise fom Se | ——- ~—BFeas} 
‘a WA a, - : vos ds | \ Say / 
i A, 
e ” 3745 Cray 4 ~ i Fe \ i” 
‘ t é “#8 Te eg ~ ~ 
j “3 — : = : L2-S54 
; 
f an § Fee, 
| \ a. — Le 


ate i 
ae 2 4 
a ‘74590 Fea ae iy bx 293 es + (52 oy Fea.) | at + he os + 
Set oy aie a) pos ae ee Ré 
a z /3¢ - e =e.) ; 
iy & Ba. / 


2 2 
: ae F “3725 Fea. 2 ‘7450 Fea. 2 
(2788 F ee \vancct + (EE |e aased + [TAs tee \ ase 
, 3a 2 ead SE” 434F C4. Be 6 BF em. 
£4 y} Say a 
She j 5 
74S0F (-52e7 Fees)” 
4Srh€&4 2: SKE, OG 
oe - 3e \2 \* 2e* 
s 2Fee tom ae a ae 
hen ay Gea ; e 
= 2 
A7IS Fens 
vide i 4 £ 
een ee i —— ee Sa A Pil hess ix & 68 Gy 
Set a 7 -” 
op BF C6 € 
a. Wap eee 
~FV4ASe Fea, \ - 2: )] 
+ poe KX BA45S ag (-5267 Fea, } xace $ 
Se? a es eee ‘e 
= Nap RABE Ai, (= i (3Fe ,2 (9) 
: _ Pai 54 Pics 
Gu Ra, SES ») / J 
| In order to find a numerizal estimate of the above expression we need the value 


of F which we derive from the data of adsorption of hydrogen on glass as found out 
by Keesom and Schvzers (loc. cit), They found that adsorption energy for hydrozen 


on glass is about 1000 cal/mole which we equate to 1/2x20N Fe where N is the Avogadro 
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mumber and & is the polarizabilivy of the hydrofen atom which has a value 2 
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and using this value of I’ in (9) we pet the numerator of (7) as 
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From equations (2) and (3) we also notice that the denominator of (7) is almost 


= 2 ‘ 
equal to one as the first order terms in F integrate cut to zero and F part is very 


small, Thus we cbtain 
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Showing an increase in the attraction between absorbed atoms of some ly. 
ne row return to our main problem of finding, if the heliwu atoms, adsorbed 


on the plane surtsce according to this model, will have enough inereased mutual 


interaction se as to explain the closer packins as evidenced by experinental results, 


Since the wave function of a helium atom in the rround st te is not known in the 


closed form we shall use the most promising one obtained by variational method and 


used by Hasse +4 to find out the most accurate value of the polarizability of the 


lelium atem in an electrical field, 


The unperturbed wave function for the rround 
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2 where y, and y¥, are the distances of two electrons from the center of the § 
nucleus and ¥, iS the interelectronic distance. The distances y, , Y¥, and : 
are expressed in dimensionless iartree units where the unit of distance is the 4 
-9 if 
first Bohr radius ( a, =-52¢%0)3 N and C are constants having the a 


values 
C™ 364 
N= 1.849 ; 


The perturbed wave-function is 
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where 7, and xX. are the x-coordinates of the two electrons expressed in Hartree : 


units and Ay» Bhs Ao, Bo are dimensionless constants having the values 
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3 Ay =. Ao = 0.3844 F 
By = Bo = 0.3845 F 


F here is dimensionless force expressed in Jlartree units. The coordinates of the 
electrons of adsorbed atoms referred to a rectangular system of axes with adsorbing 
surface as y-z plane, the line joining the nuclei of two atoms as z-axis and with 


X-axis perpendicular to the surface. 
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Since Ay, By, Ao, Bo are nearly equal, we write the perturbed wave function as 
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where we put A = 0.3845 F. For another helium atom adsorbed on the surface with the 


electrical force acting in the opposite direction, the wave function would be 
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where we have called the electrons associated with atom 2 as electrons 3 and 4. 
Using these we shall calculate the interaction energy between two adsorbed atoms 
keeping in mind that we hove neglected any overlap forces due to quantum mechanical 
exchange. The first term in the classical coulomb potential energy between two 
neutral he)ium atoms with their nuclear distance R apart and with electron 
coordinates as (x,, J, 2% de (Xg5 You Ya), (x,, Y,» z,) and (x,, v,5 2,) is 
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This, when expressed in Hartree units ( €/,), is given by 
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anc the interaction energics of the first and second order are 
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Ne shall now evaluate the inteyrals appearinp in the above expressions for the 
interaction energy, Hach integral breaks up into several elementary integrals 


whose values are given in the Appendixes at the end. Using those we get the inter~ 


action erergy in Hartree units. 
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where E,, + is the total energy of the two electrons of an atom in Hartree 


aN 
units when both electrons are in the ground state, and E,, + E,.,is the total 
energy of the two electrons when both are in the first excited state. These values!?, 


after correction for the Coulomb repulsion, are in Hartree units numerically equal 


to 
By +E, = 2.25 
amd Ej. tE,.= <70 
giving : 7 
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where first term is a dipole ~ dipole interaction energy and second is van der Waal 
term, If there is no field i.e. atoms are free, we have F = 0 and in this case 


interaction enerzy is 
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To evaluate the complete value of interaction energy we need an estimate of 
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the value of F from the energy of adsorption for heiium gas. This has been 
measured experimentally and has a maximum value of aoout 100 cal/mole at zero coverage. 
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If we use this we have field intensity in ordinary units ;iven by 4 x EN whore 
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Expressed in Hartree units this is 
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3° Next we have evaluated the first order interaction SE, in Appendix D using 
symmetrized wave functions, In this case 4 E is obtained to be ; 
: 
Ac - ky ae sone 
ah oh emu (Rr.)} ANP AvEgs. 
which is a repulsive term because of overlap integrals which enter such a calculation, 
This value merely shows that dipole - dipole interaction is repulsive and so 
attraction will still be due to van der Waal force. The numerical value of Ai, 
is very unrealistic because of the neglect of large mmber of terms in the expansion 
for “Ve 
The whole analysis definitely leads us to the conclusion that in the case of 3 
adsorption of helium on solid surfaces, the close packing cannot be duc to the 
influence of the surface of adsorption in the sense that it increases the rutual 3 
> ; attraction petween the neighboring adsorbed atoms, Even if we extend this analysis : 
to larger number of neighbors, the situation would not be essentially altered because a 
the value cbtained for interaction energy will have to be divided by the number of 3 
neighbors to give the mutual interaction erergy between the atom under consideration 3 
and one of its neighbors, i 
In conclusion we are lead to believe th:t if the anomalous adsorption is a ; 
genuine phenomenon, the extra number of helium atoms probably diffuse through the : | 
adsorbing surface into the solid and do not remain confined to the surface. F | 
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Each one of the above interrals breaks up into forty five intecrals. The 
values of the integrals in the first set are the same as in the second set except 
for the fact that where tA occurs in the Nrst set we have -A in the second, The 
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